The knowledge of the radar signature of aerial targets, such as drones, is critical in designing an effective radar detection system. It is a challenging task to measure the radar cross-section (RCS) of small drones. This paper describes a compact-range approach for measuring the RCS of small drones at 15 GHz and 25 GHz. The measurement results show that the average RCS of the three small drones varies with the radar frequency with higher reflections observed around certain directions. Moreover, the results show that for each drone, the RCS at 25 GHz is higher than the RCS at 15 GHz. Besides, information-theoretical based model selection for the RCS data is carried using the Akaike information criterion (AIC). We find that the generalized extreme value distribution is a good fit for modeling the RCS of small drones.
I. INTRODUCTION
In recent times, small drones are finding applications in precision agriculture, remote sensing, delivery of goods, search and rescue missions, law enforcement, and infrastructure inspections, among others [1] . Low altitude drones equipped with high-resolution thermal cameras and LiDAR/magnetometer sensors are used to generate 3D geophysical maps which are quickly replacing ground survey maps. Judging by the current trend in drone applications, it is expected that small drones will become increasingly popular in the future. This is not all good news, because, in recent times, drones have been used to carry out crimes and terror attacks, and may threaten public safety if used by malicious entities.
Existing techniques for the detection of unauthorized drones include radar-based, radio frequency-based, acoustic-based, vision-based, and sensor fusion based techniques [2] , [3] . Each of these techniques has its advantages and disadvantages. Radar-based techniques are appealing since radars operate in different weather conditions. Moreover, radars can be easily deployed on different platforms: land, sea, and air.
Active radars can detect objects by transmitting electromagnetic waves and listening for the echo (back-scattered signals) from the targets. Therefore, the ability of a radar to detect a particular target depends on the radar reflective/scattering properties of the targets. This scattering property of a specific target is termed the radar crosssection (RCS) of the target. Targets with higher RCS are more visible to a given radar than targets with lower RCS. The RCS of a target depends on the frequency of the radar, target shape, aspect angle and material design of the target. Studies have suggested that small drones, by design, have very low RCS [3] , [4] . This explains why it is difficult for many traditional radars to detect a small drone. In [5] , a White House surveillance radar system, designed to detect missiles and airplanes, failed to detect a small drone that flew across the fence and crashed into the South Lawn. Moreover, studies have shown that the RCS of small drones and birds are similar in certain frequencies [6] . This RCS similarity between small drones and birds could increase the false alarm rate of a radar designed to detect small drones [7] . Therefore, a proper understanding of the RCS properties of small drones is vital to the design of a successful radar detection system, which is also the primary motivation for this study.
There are very limited indoor experimental studies of the RCS of small drones in the literature. Most of the existing studies do not provide sufficient analytical framework for the detection of small drones using information from the RCS measurement. In [8] , the RCS of a small drone is measured in the H-H plane in an anechoic chamber at a frequency of 2.4 GHz and 24 GHz. In this measurement, the drone is placed on a turntable which rotates in the anechoic chamber and a vector network analyzer (VNA) is used to capture the scattered power from the drone. The study shows that the average RCS of the DJI Phantom 3 drone is about -13 dBsm at 24 GHz. In [9] , the RCS of several small drones is measured indoors in the bistatic configuration in the frequency range 30.4-37.1 GHz. The study shows that the shape, design material, electric field polarization, and bistatic angle of the radar system influence the measured RCS values of small drones. In these indoor RCS measurement scenarios reported in the literature, the transmit and receive antennas may not be far enough from the target drone to generate plane wave illuminations of the drones. Plane waves scattering is required for accurate RCS measurement. To guarantee the generation of plane waves during indoor RCS measurement, a large parabolic reflector is required in the anechoic chamber. This chamber configuration is called a compact range. Therefore, there is a need to carry out RCS measurement of small drones in a compact range anechoic chamber arrangement.
In this study, we carry out a compact-range RCS measurement of three small drones in an anechoic chamber at 15 GHz and 25 GHz. The choice of these frequencies is motivated by the fact that several commercial radar systems designed for drone detection operate in these frequency bands [10], [11] . The RCS data from the compact range measurement is modeled using three different probability distributions. A distribution that can accurately model the RCS data can be used to develop an effective radar-based statistical detection system for small drones. The remainder of this paper is organized as follows. Section II describes the compact-range RCS measurement system and technique, Section III presents the results of the measurement and statistical modeling, and Section IV presents the conclusion of the work. 
II. RCS MEASUREMENT

A. Theoritical Background
When a target is illuminated by radar, it scatters and diffracts the electromagnetic waves in all directions. The RCS is used to describe the amount of scattered power in the direction of the radar. If the target is in the near field of the radar, the intercepted and scattered waves have spherical wavefronts. However, if the target is in the far-field, which is a typical radar detection scenario, the wavefronts consist of a combination of plane waves. In such a case, the far-field RCS of the target is given by [12] :
where σ is the RCS of the target while E s and E i are the far-field scattered and incident electric field intensities respectively as seen at a distance R. If we model a complex target as consisting of N -scattering centers, then the total RCS of the target is the complex addition of the RCS of each scattering point and given by [12] :
where σ i is the RCS of the ith scattering point on the complex target, which is a distance R i from the radar. Given that R i is a random variable, the total RCS (σ) of the complex target will be random, with some probability density p(σ). For many complex targets such as small drones, the measured RCS data can be used to determine the best probability density model that describes the RCS fluctuations of the drone. In this study, the measured RCS data from three different small drones, obtained from the compact range anechoic chamber measurement, will be fitted to several statistical distributions. The family of statistical distribution investigated includes log-normal, Rayleigh, and generalized extreme value.
In this study, the Akaike information criterion (AIC) is used for RCS model selection. The AIC criterion tries to measure the fit of a model to data while penalizing the model complexity. For a given candidate model M, the AIC is computed as follows:
where N is the number of samples (or data points) in the measured RCS data,θ is the maximum likelihood estimate of the parameter vector of the model, and K is the number of estimated parameters in the model. In (3), L(θ|σ i ) measures the log-likelihood of the model at its maximum point. The best RCS model for a given drone is the one with the smallest AIC.
B. Measurements in Compact-Range Anechoic Chamber
The compact range anechoic chamber enables the creation of plane wave illumination in an indoor environment at microwave frequencies. Plane-wave target illumination fulfills the far-field requirement for accurate RCS measurement. Fig. 1(a) shows the schematic of the compact range anechoic chamber used in this experimental study. The main functional components of the chamber include a 20 foot collimating parabolic reflector, Keysight E8362B programmable vector network analyzer (VNA), two H-1498 broadband horn antennas (transmit (TX) and receive (RX) antennas), high performance pyramidal and wedge absorbers, a Styrofoam turntable and a windows computer system for automation and control.
During the measurement, the target drone is placed on the Styrofoam turntable which is 6 feet away from the antennas. The turntable, controlled by a stepper motor, rotates the target through the azimuth plane φ ∈ [0°, 360°] with a 2°increment. For each look angle, continuous wave signals, centered at the test frequency, are generated in the VNA are transmitted through the transmit horn antenna (TX) which is located at the focus of the parabolic reflector. The curvature and smoothness of the parabolic reflector ensure that the reflected waves are collimated to simulate far-field conditions at a relatively short distance. The incident plane waves are scattered by the target. The receive horn antenna (RX), which is connected to the input port of the VNA, captures the scattered signals. The scattered signal power is processed to measure the RCS of the small drone. Fig. 1(b) shows a typical measurement scenario for the Trimble zx5 drone.
C. Post Processing
Post-processing is done in MATLAB. Three major postprocessing operations are performed on the received signal. These operations are software range gating, background subtraction, and calibration. Software gating is required to isolate the backscattered signals from other unwanted spurious signals such as leakage in the transceiver system and coupling between the horn antennas. The software range gating involves transforming the captured signals from frequency domain to time domain using inverse Fourier transform. Afterward, a Tukey window (tapered cosine window) function which corresponds to the target gate is used to filter out unwanted time-domain responses from the captured signal. Also, we capture the background (without a drone on the turntable) to remove the reflections of the empty chamber from the captured data.
For measurement calibrations, we use a perfectly electrical conducting (PEC) 12 inch metallic sphere shown in Fig. 1(c) . The 12 inch PEC sphere is used for experimental calibrations because the far-field monostatic RCS of a PEC sphere can be predicted using the closed-form analytical expression given by [13] :
where k = 2π λ is the wavenumber, a is the radius of the sphere,Ĥ (2) n (ka) andĤ (2) n are the spherical Hankel function of the second kind of order n and its derivative, respectively. From (4), we can show that the backscattered RCS of a PEC sphere is a function of its circumference measured in wavelength ( 2πa λ ). In the Rayleigh region, the circumference (or size) of the PEC sphere is small relative to the wavelength of the transmitted signal ( 2πa λ 1). As a result, in the Rayleigh region, the theoretical RCS of the ideal PEC sphere can be approximated as 9λ 2 4π (ka) 6 . On the other hand, in the optical region, the circumference of the PEC sphere is far larger than the wavelength of the transmitted signal (a > 2λ). As a result, in the optical region, the theoretical RCS of the ideal PEC sphere is independent of λ and can be approximated by a constant given as πa 2 .
Moreso, between the Rayleigh and the optical regions is the Mie region. The Mie region is also known as the resonance region because it is characterized by continuous perturbation in the RCS of the sphere. However, since the RCS of an ideal PEC sphere is approximately constant in the optical region, the 12 inch PEC spheres with a known theoretical RCS of about -11.37 dBsm (in the optical region) is used to calibrate the drone RCS measurement in the compact range anechoic chamber. Fig. 2 shows the simulated RCS of an ideal PEC sphere and the measured RCS of the actual calibration PEC sphere at 25 GHz. The difference in RCS at 25 GHz is used for calibrating the drone RCS measurement at that frequency. A similar calibration operation is performed for the drone RCS measurement at 15 GHz. Fig. 3 shows the three small drones used in this experimental study. These are popular commercial drones with body frames and propellers made of low reflective materials like carbon fiber and plastic. Moreover, for all three drones, the average RCS is higher at 25 GHz than at 15 GHz. This observation agrees with the conclusion in [14] which compares the RCS of a small drone measured at 24, 26, 60, and 79 GHz. The author observed that for the small drone, the RCS at the higher frequency was larger than the RCS measured at the lower frequency. Besides, in [14] , the average RCS of DJI Phantom 3 (DJI P3 Pro) measured at 24 GHz is given as -13 dBsm. The DJI P3 Pro has a similar shape, material property, and size as the DJI P4 Pro which is one of the small drones investigated in this study. Therefore, the average RCS value of the DJI P3 Pro measured at 24 GHz in [14] is close to the average RCS of the DJI P4 Pro which we have measured at 25 GHz as -12.40 dBsm.
Since the RCS measured at 25 GHz radar is higher, this radar radar would be able to identify the radar signature of a small drone better than a 15 GHz radar. This is because the very small wavelength (λ = 1.2 cm) of the 25 GHz radar enhances the effects of diffraction and scattering by sharp edges and corners on the drones. Consequently, a 25 GHz radar would be more suitable in designing an automatic target recognition (ATR) system for identifying small drones. Also, Fig. 4 shows that for each drone, the RCS values are higher in specific directions. Therefore, recognizing these dominant scattering centers can help us distinguish small drones from other airborne objects. Table I shows the result of the model selection based on the AIC test score. For each test frequency, the best model is the one with the lowest AIC score. From the Table I , we see that in most cases, the extreme value distribution fits best with the RCS data. The exceptions occur for the RCS data of DJI Inspire 1 and DJI Phantom 4 Pro measured at 15 GHz where the log-normal distribution is most suitable. Therefore, using the appropriate scattering model, we can design an effective model-based statistical technique for radar-based detection of small drones.
IV. CONCLUSION
The paper describes a compact-range approach for measuring the RCS of different small drones at 15 GHz and 25 GHz. We present some preliminary results which show that the RCS or radar signature of small drones is unique. This knowledge can be used to identify different small drones. Moreover, we showed how the RCS data can be modeled using different parametric models. Future work will investigate how these parametric models can be used to develop model-based statistical techniques for detection and identification of small drones.
